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Introduction 

In the known work of Mermin jl] on the basis of the analysis of 
nonequilibrium density matrix in r-approximation has been obtained 
expression for longitudinal dielectric permeability of quantum collisional 
plasmas for case of constant collision frequency of plasmas particles. 
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Earlier in the work of Klimontovich and Silin [2] and after that in the 
work of Lindhard [3] has been obtained expression for longitudinal and 
transverse dielectric permeability of quantum collisionless plasmas. By 
Kliewer and Fuchs pE] it has been shown, that direct generalisation of 
formulas of Lindhard on the case of collisional plasmas is incorrectly. 
This lack for the longitudinal dielectric permeability has been eliminated 
in the work of Mermin |T] . Next in the work [5] has been given attempt 
to deduce Mermin's formula. 

For collisional plasmas correct formulas longitudinal and transverse 
electric conductivity and dielectric permeability are received accordingly 
in works [7] and [8]. In these works Wigner— Vlasov— Boltzmann kinetic 
equation in relaxation approximation in coordinate space is used. In 
work [2] the formula for transverse electric conductivity has been deduced 
for quantum collisional plasmas with use of the kinetic equation by 
Mermin' approach (in momentum space). 

In the present article formulas for longitudinal electric conductivity 
and dielectric permeability in the quantum non-degenerate collisional 
plasma with the frequency of collisions depending on an momentum 
by Mermin' approach are received. The kinetic equation in momen- 
tum space in relaxation approximation is used. It is shown, that when 
Planck's constant tends to zero, the deduced formula passes to the 
corresponding formula for classical plasma. It is shown also, that when 
frequency of collisions of particles of plasma tends to zero (plasma passes 
to collisionless one), the deduced formula passes to the known Lindhard' 
formula received for collisionless plasmas. It is shown, that when frequency 
of collisions is a constant, the deduced formula for dielectric permeability 
passes in known Mermin' formula. 

Now considerable interest to research of properties of quantum plasma 
proceeds P2H2Z|. 

1. Kinetic Schrodinger — Boltzmann equation for density 

matrix 

Let the vector potential of an electromagnetic field is harmonious, i.e. 
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changes as ip(r,t) = cp(r) exp(— iut). Relation between scalar potential 
and intensity of the electric field it is given by expression E(q) = 
— V(£>(q). The equilibrium matrix of density looks like 

1 

P = tt , p = p + dp. 

exp -r— - + 1 

k B T 

Here T is the temperature, k B is the Boltzmann constant, po is 
the chemical potential of plasma in an equilibrium condition, 5p is the 
correction to the chemical potential, caused presence of variable electric 
field, H is the Hamiltonian. 

Hamiltonian looks like here H = Hq-\-H\, where Hq = p 2 /2m, H\ = 
ecp. Here m, e are mass and charge of electron, p = is the electron 
momentum. 

Let's designate an equilibrium matrix of density in absence of an 
external field through pq: 

1 



Po 



Ho — Po , - 
exp - + 1 
k B T 



Density matrix it is possible to present an equilibrium matrix of 
density in the form 

P = Po + Pi- 

Here p\ is the correction to the equilibrium matrix of density, caused 
by presence of an electromagnetic field. 
In linear approximation we receive 

[H,~p] = [#o,Pi] + [#i,p ], 

and 

[H,p] = 0. 

Here [H, p] = Hp — pH is the commutator. 

Let's notice, that the vector |k) is the eigen vector of operators H 
and p. Thus 

F|k> = £ k |k>, (k|if = £ k (k|, p|k) = /ik|k}, (k|p = ^k(k|. 



Let's notice, that for the operator L the relationship is carried out 

1 f 

ki|L|k 2 ) = / exp(— zkir)Lexp(2k 2 r)<ir. 



(2tt) 3 j 

By means of this relation it is received 



(k 1 |[Fo,pi]|k 2 ) = -(k 1 |[iJ 1 ,p ]|k 2 >. 
Let's write down this equality in the explicit form 
(ki |#oPi| k 2 ) - (ki \piH \ k 2 ) = - (ki I^Tipol k 2) + (ki |/5o#i| k 2 ) 
From here we receive, that 

(£ kl - £ k2 )(k 1 |p 1 |k 2 )> = (/ kl - / k2 )(k 1 | J f/ 1 |k 2 ) = 
= e(/ kl -/ k2 )(k 1 |^|k 2 ). 

Here 

P ^ 2 k 2 , 1 

c-k = t; 5 /] 



2m ' £ k — fio 

exp + 1 

k B T 



Considering, that 
(ki|^|k 2 ) = j—-^ J exp(-i(ki - k 2 )r)</?(r)dr = <^(ki - k 2 ), 



we receive 



(S^ - £ k2 )pi(k b k 2 ) = e(/ kl - /k 2 )^(ki - k 2 ). 

The kinetic equation for the density matrix in r-approximation with 
constant frequency of collisions looks like 

dp %Yi 

or 

^ = -i{H,p] + v(p-p). (1.1) 

Here r is the average time of free electrons path, v = 1/r is the 
frequency of collisions. 
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Generally frequency of collisions v should depend from electron mo- 
mentum p (or a wave vector k): v = v(k). 

Considering the requirement Hermitian character the equation (1.1) 
on the density matrix it is necessary to rewrite in the form 

ft = ~h [H ' p] + 2 {p - p) + ( p - p) 2' (L2) 
In linear approximation the density matrix we will search in the form 

P = Po + Pi- 
Then in linear approach the equation (1.2) looks like 

ift-ET = H oPi - piH + Hipo - pqH x + 
at 

+tf£yHPi " Pi) + i*(h ~ Pi)^- (!-3) 
Let's consider, that p\ ~ exp(— iut). From here for p\ we receive the 
relation 

^(ki|pi|k 2 > = (£k x - £k 2 )(ki|pi|k 2 > - e(/ kl - /k 2 )^(ki - k 2 )+ 

+ ^(k 1 |p 1 -p 1 |k 2) + ( k 1 |p 1 -p 1 |k 2 >^M ) 

or, having designated 

i/(ki) + z/(k 2 ) 



f(ki,k 2 , 



2 

Let's rewrite the previous equation in the form 

^(ki|pi|k 2 > = (£ki - £k 2 )(ki|pi|k 2 > - e(/ kl - /k 2 )y?(ki - k 2 )+ 

+inz/(ki,k 2 )(k 1 |pi -pi|k 2 ). (1.4) 
From equation (1.4) we receive 

kiMk 2 ) = pi(ki,k 2 ) = -e- — ^ ^ k2 ,_ — — -<p(ki-k 2 )+ 

£k 2 - c kl + h(oj + zi/(ki, k 2 )) 

i/u/(ki|£i|k 2 ) ^ 



£k 2 - Ski + ^(w + w(k b k 2 )) ' 
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The relation (1.5) represents the solution of linear Schrodinger— 
Boltzmann equation, expressed through perturbation to equilibrium mat- 
rix of density pi(ki — k 2 ) = (ki|pi|k2). Let's find this perturbation. 

Let's take advantage of an obvious relation 

[#-/x,p] = 0. 
In linear approximation from here it is received 

[H - fj, , pi] + [Hi - 5fjb, po] = 0. 
Transforming the first commutator, from here we receive: 

[H , pi] = [5p - Hi,po], 

or 

[Ho.pi] = [SfJ, - eip,po\. 

Let's designate now 

5p* = Sp — ecp. 
Then the previous equality write down in the form 



[Ho, Pi] = [<fy**> A)]- 
From here we receive that 

(£ki - £k 2 )(ki|pi|k 2 ) = -(/kj - /k 2 )^*(ki - k 2 ), 
from which 

(ki\pi\k 2 ) = - / kl ~{ k2 (ki|^|k 2 ), (1.6) 

C-ki — Ck 2 

or, that all the same, 

pi(k h k 2 ) = - / kl ~{ k2 ^(kx - k 2 ). 

We have received perturbation to the equilibrium matrix of the density, 
expressed through perturbation of chemical potential. The last we will 
find from the preservation law of numerical density. 
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We put next 



i i , k i 

ki = k + -, q 2 = k-- 



and rewrite in this terms equations (1.4), (1.5) h (1.6). We receive 
following equalities 



hu( k + — 



Pi 



£k+q/2 - £k-q/2)(k+ ^ 



Pi 



- / q 

■e^(q)(/k+ q /2 - /k-q/2) + wh\k + - 



Pi - Pi 



k-f), (1.40 



Pi 



, q\ / \ e^(q)(/ k+q/2 - / k _ q/2 ) 

k--) = pi(q) = -0 c — ' 

2 / C k _ q /2 - C k+q/2 + nhJ + llsh 



ivh/k + — 
\ 2 



Pi 



k-« 



£k-q/2 - S k+q/2 + hu + iz/ft' 



and 



k + 



q 



pi 



k _ q\ A+q/2 ~ /k-q/2) A q 

2 / £ k+q / 2 ~~ ^k-q/2 ^ 2 



q 



(1.5') 



(1.6') 



In this equalities (1.4')— (1.6') the designation 

K k+ f)+K k 



z/ = z/(k,q) 



q 

2 



is used. 



2. Perturbation of chemical potential 



The quantity 5/i (or $//*) is responsible for the local preservation of 
number of particles (electrons). This local law preservation looks like PQ 



cj£n(q, u, v) = q£j(q, cu, v). 



(2.1) 
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In equation (2.1) £n(q, cj,P), <5j(q, cj,P) = j(q, w,P) are change of 
concentration and stream density of electrons under action electric field, 
and 



£n(q, to, v) 



dk i q 
k+ - 

2 



tfj(q,u;,z/) = J 



47T 3 

/ikdk 



Pi 



47T 3 



2 



Pi 



k-2 



From equation on the matrix of density follows that 

Pi 



fnodk I ' q 



47T 3 



2 
dk 



k-?\ = 



£k-q/ 2 ) (k + | 



Pi 



47r 3 V-k+q/2 
- e( P(q) y ^(/k+q/2-/k-q/2) 

-^P(k,q) (k + - 



In this equalities the designation 



v = z/(k,q) 
is used and conditions 



q 



v k + x +z/ k-^ 



Pi - Pi 



q 



k-?\. 



and 



£k+q/2 — Sk-q/2 — kq, 

TY\i 



(2.2) 



are used. 

Therefore last equality can be rewritten in the form 



pi 



k-^ 



ftkq / k + q 



ni 



V 



pi 



k-2 



^3P(k,q) ^k+- 



Pi - Pi 



k-S 



Expression according to previous is equal to zero in the left part of 
this relation, i.e. 



hjj8n{^ lo, v) — ftq£j(q, u, v) = 0. 
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The last is true owing to the law of local preservation of number 
particles. From here follows, that 



pi - pi 



k -f>=o. 



This equality is equivalent to the following 

Pi 



k-?\ = 



pi 



k-<* 



Considering earlier received expression (1.4) for (ki|/5i|k 2 ), we have 



dk _ /k+q/2 - /k-q/2 



47T 3 



^k-q/2 — ^k+q/2 



Pi 



k-5 



Thus for perturbation quantity 5fi*(q) it is received 



^(q,-, i >) = ^ y /^(k,q)(k + 



Pi 



q 



(2.3) 



Here the following designation is accepted 
B*(q,0) = 



dk _ fk+q/2 - /k-q/2 

z/(k, q x 



47T 3 



Sk-q/2 — ^k+q/2 



From equation (1.3) we receive 

£k 2 - + + ^( k i, k 2)) (ki|pi|k 2 > = 

= -e(/ki - /k 2 )^(ki - k 2 ) + ^z/(ki,k 2 )(ki|pi|k 2 >. 

Last component in this equality we will replace according to (1.4). We 
receive, that 

£k 2 - + h(u + iz/(ki, k 2 )) (ki|pi|k 2 ) = 

= -e(/ kl - /k 2 )^(ki - k 2 )- 
-i^(ki, k 2 )-^ — -^-fyi#(ki - k 2 , w, z>). 
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From this equation we obtain expression for (ki|pi|k 2 ): 

e(/k! - /kaMki - k 2 ) 



ki|pi|k 2 > = 



+z^z/(ki, k 2 ) 



£k 2 - £ki + M w + ^(ki, k 2 )) 

jci - /k 2 ^*(ki - k 2 , cj, g) 
£k 2 



Ski £k 2 - £ki + + *K k i, k 2 )) 
or, after decomposition on partial fractions, 



(ki|pi|k 2 ) 



e(/k! ~ /k 2 )^(ki - k 2 ) 
£k 2 - £kx + + ^(ki, k 2 )) 



iz/(ki,k 2 ) /k!-/k 2 



■5/Lt*(ki - k 2 , cj, i/) 



w + w(ki,k 2 ) £ k2 - £ kl 
iP(ki, k 2 ) (/ kl - /k 2 )^*( k i - k 2 , w, z/J 



cj + w/(ki, k 2 ) £ k2 - £ kl + + ii/(ki, k 2 )) 



(2.4) 



(2.4') 



Passing to variables k and q, from here we receive 

e(/k+q/2 - /k-q/2Mq) 



k + ^ 

2 



Pi 



k-?\ = 



2/ £k-q/2 - £k+q/2 + ^(w + ^^(k,q)) 

ZZ/(k, q) /k+q/2 - /k-q/2 



-<5/i*(q,w,z/ 
cj + ii/(k, q) £ k _ q/2 - £ k+q / 2 

W(k, q) (/k+q/2 - fk-q/2)^*(^ W > ^) 



w + iu(k, q) £ k _ q/2 - £ k+q / 2 + H(u + ii/(k, q)) 



(2.4") 



Let's substitute expression (2.4") in the formula for perturbation of 
chemical potential (2.3). On this way for perturbation it is received the 
following expression 



Here 



a w ,p(q) 



5/i*(q_, to, v) = —eip(q)a(u,iS). 



B D (q J u + iv) 
B D (q) - iB Wj p(q, 0) + £B w ,j?(q, to + iv) 



(2.5) 
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D/ --\ f dk _ /k+q/2 - /k-q/2 

B 9 (q,uj + iv) = / — rz/(k,q) 



5 w ,p(q,0) 



47T 3 ' £ k -q/2 - ^k+q/2 + h(u + w(k, q)) ' 

dk /k+q/2 ~ /k-q/2 ^{K gQ 

47T 3 Sk-q/2 - £ k+q/2 W + ^( k ? q) ' 

dk 



X 



X 



47T 3 

/k+q/2 - /k-q/2 ^(k, q) 



Sk-q/2 - £k+q/2 + + W ( k , W + W ( k , q) 



Let's write out a special case of the formula (2.5), when frequency of 
collisions of particles of plasma it is constant: z/(k, q) = v = const . In 
this case perturbation of chemical potential in Mermin's designations it 
is equal 

<5/i*(q, to, v) = —eip(q)a((jj, v). (2.6) 

Here 



. . (uj + iv)B(q, uj + iv) 
a(u, v) = 



S(q,0) = 



u>B(q_, 0) + ivB(c[, uj + w) 

<^k /k+q/2 — /k-q/2 



£>(q, w + iv) 



47T 3 £ k -q/2 - £k+q/2 ' 

dk /k+q/2 — /k-q/2 

47T 3 £ k -q/2 - £k+q/2 + h{u + w) 



3. Electric conductivity and dielectric permeability 



Let's substitute (2.5) in (2.4") and in the received expression we will 
result similar members. It is as a result received the following expression 



k + 5 

2 



Pi 



k-5 
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-ep(q) 



fk+q/2 — /k-q/2 



£k-q/2 - £k+q/2 + + iv(k, q)) V w + ii/(k, q 
. A+q/2 - A-q/2 £i>(k, q) ■ a w ^(q 



£k-q/2 - £k+q/2 ^ + M k > q) 

Here, we will remind, that 

B 9 (q, u + %v) 



1 _ z^/(k,q) • ag,,p(q) \ 



(3.1) 



S p (q, 0) - iB u P (q, 0) + z£ W)i ?(q, cj + ii/) ' 



Density of current j e (q, to, v) is calculated through (ki|pi|k2) 



j e (q, w, v) = ej(q, w, P) = ^ / ^ (k + | 



Pi 



q 



(3.2) 



Thus intensity of electric field is connected with potential of this field 
by relation E(q, uS) = — zq</?(q, u;), because ^(q, uj) = e z ( qr_a; *). 
From here the field potential is equal 

,qE(q,o;) 



(p(q,u) = i- 



Hence, expression for current density j e (q, by means of relation 
(3.2) it is possible to rewrite in the form 

f qkc? k 

j e (q,w,z/) = -i ^E(q,w) / — -^-fl(k,q,u;,z/). 

Here according to (3.1) 



R(k, q, to, v) = 

/k+q/2 — /k-q/2 



£k-q/2 - £k+ q /2 + + M k , q)) ^ w + zi/(k, q) 
. /k+q/2 - /k-q/2 w(k, q) ■ a W)i ?(q) 



zV(k, q) • a w ,p(qj 



£k-q/2 - £k+q/2 W + ^(k, q) 
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Considering connection of density of the current with intensity of 
the field, we receive expression for electric conductivity in quantum 
collisional plasma 

/ _ N G 2 h f qkdk _. . , 

<7 Z (q, w, v) = J -^-^(k, q, w, v). (3.2) 

By means of (3.2) we will write expression for dielectric permeability 

. _. 47Te 2 h /"kqdk _ 
ei{t\ 3 u,v) = l + g / i?(k,q,a;,i/). (3.3) 

Scalar product kq we will express from relation (2.2) 

k q = ^ ( S k+ q /2 - Sk-q/2) • 

By means of this expression we will copy relations (3.2) and (3.3) in 
the following form 

e 2 f dk 

cr/(q, w, z/) = -i^ y ^3 if(k, q, w, z>) (3.4) 

and 

/ _ \ , 47re 2 f dk . „. 

ei(q, w, 1/) = 1 + ^— 2 y ^^( k > q. w > ( 3 - 5 ) 

Here 

K(k, q, w, v) = R(k, q, w, v) (£ k+q /2 - ^-q/2) • 
Calculating this quantity in an explicit form, we receive 

K(k, q, CJ, V) = -(/k+q/2 - /k-q/2) + 



/k+q/2 — /k-q/2 



£k-q/2 - £k+q/2 + + lV{k, q)) 



Let's substitute this expression in equality (3.4). We receive, that 



e 



2 



rfk /k+q/2 — /k-q/2 



<7 Z (q,u;,z/) = -z— / —3- — - — — — -x 

^ J 4tH £ k q/2 - t k+q/2 + n(u + zz/(k, q)) 

x[u + ii/(k,q)(l - a^(q))], 
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or, that all the same, 



e 2 



wB(q,u + ii/)+iBp(q,u + iv)(l — a Ut v(q))]. (3.6) 



Here 

f dk /k+q/2 - /k-q/J 



B(q, to + zz/) 



J 47T 3 £ k _ q / 2 - ^k+q/2 + K U + M k > ' 

On the basis of (3.6) we will write out expression for dielectric function 

47re 2 

ei{q,u,v) = H r x 



X 



CO 



5(q,u; + iv) + iB p (q, u + - a w>e (q))]. (3.7) 



From the formula (3.7) it is visible that at to = we receive 

47re 2 

ei (q, 0, i/) = 1 + — 5(q,0). 

Thus, at lo = dielectric function does not depend from frequency of 
particles collisions of plasma. 
At v = from (3.7) we receive 

47re 2 

£/(q,u;,0) = H 5-£(q,u;). 

Thus, at z/ = dielectric function will be transformed to the known 
formula received by Klimontovich and Silin in 1952 and after that by 
Lindhard in 1954. 

We find explicit form of expressions (3.6) and (3.7). For quantity 
1 — <^w,p(q) we have 

1 - « WjP (q) = 

_ [B 9 {q, 0) - B 9 (q, u + iv)} - i[B wfi (q, 0) - B Ui9 (q, u + i &) 
B 9 (q, 0) - iBu,p{q, 0) + iB^ 9 {q, u + iv) 
We will notice that 

1 1 



£k-q/2 - £k+q/2 ^k-q/2 ~ ^k+q/2 + K U + ^0*, q)) 

h(uj + iv(k, q)) 

(£k-q/2 - £k+q/2)(£k-q/2 ~ ^k+q/2 + h((J + ZZ/(k,q)))" 
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Hence, the first difference from numerator of the previous expression 
is equal 

B p (q, 0) - B v (q, u + iv) = 
_ h f dk_ j?(k,q)(u + w(k, q))(/ k+q/2 - / k - q / 2 ) 

J 47T 3 (£ k -q/2 - £k+q/2)(£k-q/2 ~ ^k+q/2 + ^(^ + w(K q))) ' 

The second difference from numerator of the previous expression is 
equal 

B u j(q, 0) - B u j(q, u + iv) = 

- ifi [ — ^(k, q)(/k+q/2 - /k-q/2) 

/ 47T 3 (£ k _ q / 2 - £k+q/2)(S k _ q / 2 - £k+q/2 + + *K k > q))) ' 

Hence, all numerator is equal 
[£ p (q, 0) - 5 p (q, cj + iv)] - i[B^ 9 {q, 0) - B^ 9 {q, u + iz/)] = 



fvjj 



-co 



dk z/(k,q)(/ k+q/ 2 - /k-q/2) 

47T 3 (£ k _ q /2 - £k+q/2)(£k-q/2 ~ ^k+q/2 + + ^( k ,Q))) 

f dk g(k, q) /k+q/2 - /k-q/2 

y 47T 3 W + ll/(k, q) £ k _ q /2 - £k+q/2 

" dk V(k, q) /k+q/2 - /k-q/2 



4tt 3 u + iz/(k, q) £ k - q /2 - £k+q/2 + h(u + iv(k, q)) 
= w[6 w ^ (kjq )(q,0) - 6 W; ^(q,cj + zz/) 



where 

^(q,o) = J 

6 WiP (q,u;+zz/) = 



dk Z/(k, q) /k+q/2 - /k-q/2 



4tt 3 w + iv(k, q) £ k _ q/2 - £k+ q /2 + h(u + iz/(k, q)) 

f dk V(k, q) /k+q/2 - /k-q/2 



4tt 3 u + iv(k, q) £ k _ q/2 - £k+ q /2 + h{u + ii/(k, q)) 
In the same way the denominator is equal 

Bp{q, 0) - iB U}P (q, 0) + i£ WjP (q, w + ip) = 

= w& w ^(q, 0) + iB^q, w + iv). 



16 



Thus, we have found, that 



1 - OiuAq) = lo- 



(3.8) 



w6 w ,p(q, 0) + iB^^q, lo + iv) 

According to (3.8) electric conductivity and dielectric permeability 
in quantum collisional plasma are accordingly equal to 



ai(q,u,u) = -i^LO B(q, oo + iv)+ 



+iB 9 (q,u + iv) 



buffa, 0) - 6„,p(q,a; + iv) 
w6 w ,^(q, 0) + iB UiD (q, lo + iv) 



(3.9) 



and 



ai(q,LU,v) = 1 + 



4-7re 2 



q- 



B(q, lo + iv)+ 



+iB D (q, lo + iv)- 



&w,p(q,0) - 6 w ^(q,w + iv 



(3.10) 



wfe w ,p(q, 0) + iBuj(q, u + iv 

4. Non-degenerate plasmas with constant frequency of 
collisions and comparison with Mermin' formula 

Let's consider now the case of constant frequency of electrons collisions 

v(k) = v = const . 

Then z/(ki,k2) = v(k,q) = v = const. As it was specified above, 
the quantity a W; p(q) for constant frequency of collisions becomes the 
followinf form 

(to + iv)B(q, lo + iv) 



Besides, 



aujAq) 'coB(q, 0) + ivB(q, lo + iv) 
£>(q, i?, 0, lo + iv) = vB(q, lo + iz/), 



1 - a w p(q) = cj- 



B(q, 0) - £(q,w + ii/J 



u;£>(q, 0) + ivB(q, lo + w) 
Hence, according to (3.6) and (3.7) (or (3.9) and (3.10)) it is received 
accordingly expressions for electric conductivity and dielectric function 
for quantum collisional plasmas 
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07 (q, u, v) = —i—z — ttt — — r^- (4.1) 



ATre 2 (oj + iis)B(q,LU + iis)B(q,0) 

e/(q, w, z/) = 1 + — — — — . (4.2) 

q z uB(q, 0) + ivB(q, u + zz/) 



Let's compare the formula (4.2) to corresponding Mermin's formula 
(8) of its work 0. 

Let's write out Mermin's formula (8) for dielectric function pQ 

ef ermin (q,a;,z/) = 1+ 
(1 + i/ur)(£°(q,uj + i/r) - 1) 



1 + (z/wr)(e (q,w +i/r) - l)/(e°(q,0) - 1) 



(4.3) 



In expression (4.3) £°(q, 0) is Lindhard's dielectric function for collisionless 
plasmas, 



e°(q,w) = 1 + — ^-£(q,u;), 



47re 2 
9 s 



B(q,o;) = 



fl(q,0) 



dp fp+g/2 - /p-q/2 
47T 3 £p- q /2 - Sp+q/2 + W ' 

/" /p+q/2 ~ /p-q/2 

/ 47T 3 £p_q/2 - £p+q/2 



Let's transform the formula (4.3), noticing, that 1 + i/ur = (co + 
w)/l}, to the form 

s l (q )W ,,/)-l + w[e o (q> o)_i] +il/[e O( q>w + il/ )_i] • ^ 



Let's copy formula MepMHHa (4.4) in terms of integrals B(q,tu) and 
B(q,0) 
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,r-( q , w> v) = i + j^ (^+;^(q^ + ^)^Q) . (4 . 5) 



The formula (4.5) in accuracy coincides with the formula (4.2). 
5. Solution of kinetic equation of Vlasov — Boltzmann 

In following two paragraphs we will deduce expression for electric 
conductivity and dielectric permeability of classical non-degenerate col- 
lisional plasmas with any degree non-degeneracy (for any temperature). 

We take kinetic Vlasov— Boltzmann equation for collisional plasmas 
with any temperature 

% + v % + eE ( r - *)§£ = "[/« - /(', v, *)]• (5.1) 

Here f eq (r, v) is the local equilibrium distribution function of Fermi— 
Dirac (local Fermian) 

feq = 777Z\~ ' (^-2, 



Ub is the Boltzmann constant, T is the plasmas temperature, v is the 
frequency of electron collisions with plasmas particles, p = mv is the 
electron momentum, e is the electron charge, fi(r) is the chemical plasmas 
potential. 

Let's present the chemical potential in linear approximation as 

/i(r) = fi + £/i(r), fi = const . 

Let's spend linearization of the equations (5.1) concerning the absolute 
Fermian 

M v i M) = 2 



or 



l + e P 2 -«' 
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Here P is the dimensionless momentum (velocity), a is the dimensionless 
(reduced) chemical potential, 



a = 



For this purpose we will present distribution function of electrons in 
the form, linear on 5fi(r) concerning absolute Fermian 

/ = /(r, v,t) = f (v lM ) + ^e^-^(v). (5.3) 

Here 

dfo (p , 



da yv ' ' (l + e p2 - a ) 2 ' 
Making linearization of (5.2) on 5a, we receive, that 

/eg(r, v) = f (v, fi) + ^-5a, 5a = (5.4) 

oa kb-L 

Besides, in linear approach a member with the self-consistent field it is 
equal 

"^fe- (5 ' 5) 

Substituting (5.3) - (5.5) in the equation (5.1), we receive the equation 
concerning function ip from which we find, that 

V'(v) = : 77-—^—- (5.6) 

Let's find change of quantity of chemical potential of plasma particles 
5fi(r) from the law of preservation of number of particles 

J /(r, v, t)dn = J f eq (r, v, t)dn, (5.7) 

where 

_ (2g + l)d 3 p 
{2nhf ' 

s is the spin of plasmas particles (electrons), s = 1/2. 
The equation (5.7) will be transformed to the form 

e i(k^t) /" ^( v ) d ft = / (5.8) 
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or 

i(kr-wt) f £?/o 



ifj(v)d 3 v = 5a [ ^d 3 v : (5.8') 
J da 



J da 

From equation (5.8) we receive 

= ^— / %±if,(v)(Pv. (5.9) 

6 J da 

Here 

oo 

60 = / §^ = 47r ^ 2(a) ' 52(a) = / 9 ^ a ) p2dR 



It is easy to see, that 



00 00 



6 = 27r/ (a), f (a) = J - + ^2_ a = J fo{ p , a )dP- 



Now we will substitute (5.6) in (5.9). We will have 

Sae-iQ*-**) + e 



e -Xkr-.t)^ = 1 f dj* -MLrfv. (5.10) 

60 J da 1 — iut + z/cr-Ua; 

From equation (5.10) we obtain 



e ^v-ut) 5a = eT B l = eT B l/ b 

k B T b - B k B T 1 - B / b 

Here 

B f df d 3 v 



(5.11) 



da 1 — iujt + ikrv x ' 
dfo v x d 3 v 



j da 1 — iujt + ifcrUr 
Thus, function if) is constructed 



5l L 

- + v x 



^ ^ ksT 1 — iujt + ikrv x ^ 



6. Electric conductivity and dielectric permeability 



21 



From definition of density of a current follows, that 
j = crie 



= „,A^-^) = e / vfdtt = e / v x e 



oa 



From this for electriv conductivity we receive 

dfo 



o\ = e / v a 



da 



In more details 



or 



e 2 r 



Si 



1 — icur + ikrv x bo — B { 



+ 



2 % , n 



1 — iujt + ikrv a 



e 2 r2m 3 
k B T{2Tihf 



B\ 



'0 



B, 



o 



where 



We notice that 



Bo 



Bi = 



vt,-~—crv 

" Oa 



1 — iujt + ikrvn 



ikr 



1 — IUJT 

ikr 



B 



o- 



(6.1; 



(6.2) 



(6.3) 



(6.4) 



1 — «wr 
£>2 = r 7 B\. 

ikr 

Taking into account this relation expression (2.4) will be copied in 
the form 

Bi 1 — iuT 



e 2 r2m 3 
° l = k B T{2nhf 1 



.bo -B ikr r (6 - 5) 
Now it is necessary to find expression in the square bracket from (6.5) 
B\ 1 — iujt 1 



Bi 



ikr 



1 



Bo 
bo 
1 



~B\ 1 — iur / 5o 
ikr V 6 



6J 



k 



Hence, (6.5) looks like 
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Let's replace here B\ according to previous and we will rewrite (2.6) 
in equivalent kind 

60 1 — «wt 



e 2 r2m 3 ^ r ^ r 







CO 



1 k B T{2irhf' 1 _Bo ' k' 1 j 

fro 



We notice that 

6q 1 — «WT „ 



ikr ikr ikr 



/ ,3 I — ilut f g(v,a)d i v 
g(v, a) a v — 



ikr w + iv 

v x ; 

k 

3 



where 



b 2irf (a)kTV T J P x - z'/k' 



V 1 . Cd + 21/ 

P = — , V T = -=, 2 = 



By means of last relation expression of the electric conductivity (6.7) 
assumes the following form 

. e 2 r2m 3 uj27Tv^fo (a) 
° l = ~ % k B T{2Tihfk 2 r X 

z' j g{P,a)d 3 P 
+ 2irf (a)kJ P x -z'/k 

iv fg{P,a)d 3 P' { ' j 



1 + 



27Tf (a)v T kJ P x -z'/k 



It is easy to calculate, that numerical density (concentration) of non- 
degenerate plasmas it is equal 

00 

A , Ma) 3 mv T . , /" P 2 dP 



kx is the thermal wave number, vt is the thermal velocity of electrons. 
Expression (6.8) we will transform to the following form 
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1 , t f g(P,a)d 3 P 
oj_ . vujfo(a) 27rf (a)k J P x - z'/k , , 

ao" l kW T f 2 (a) iv r g(P,a)<Pp - [ - } 

27Tf (a)v T kJ P x -z'/k 

In considering of a Q = where u 2 p = u p is the plasma 

47T p m 

(Langmuir) frequency, on basis (6.9) we receive the following expression 

for dielectric function 

1 z' f g{P, a)d 3 P 

, ^/o(Q) + 27rf (a)kJ P x -z'/k 
£l i + k 2 v 2 f 2 (a) iv [ g(P,a)d s p - 

27rf (a)v T kJ P x -z'/k 



We rewrite the formula (6.10) in the following form 

x\ f (a) l + (z/q)b (z/q) 



£1 = 1 + 



where 



h{z/q) = 



q 2 f 2 (a) l + (iy/q)b (z/qY 

OO 

1 f f (fj,,a)dfi 



2/o(a) J ii- z/q 



7. Connection of characteristics of quantum and classical 

plasma 

Let's show, that the basic characteristics of plasma, such, as electric 
conductivity and dielectric permeability of quantum collisional non- 
degenerate plasmas, pass in limit, when wave number k (or Planck's 
constant) tends to zero, in corresponding characteristics non-degenerate 
classical collisional plasmas. 

The proof we will spend for electric conductivity. We take expression 
(4.1) for electric conductivity 

,e 2 uj(uj + iis)B(q,uj + iis)B(q,0) 

CT;(q. (jj, V) = —l^: — 7T, \~ • ('.1) 



24 



Here 



£>(q, u + iv) = 



dk 



/] 



k+q/2 



/k- 



q/2 



/k±q/2 — 



B(q,0) 



1 



47T 3 £ k -q/2 - £k+q/2 + K U + W ) ' 
f dk /k+q/2 - /k-q/2 



4tT 3 £k-q/2 - £k+q/2 ' 



1 + exp 



^k±q/2 — A* 



-k±q/2 



ft 2 



2m V 2) 



£k+ q /2 — £k-q/2 — — kq — — k x q. 

mm 

We linearize functions £k±q/2 on a wave vector. We receive, that 

h 2 kq 



where 



/k±q/2 = /o(k, a) =f p(k, a) 



/o(k,a) = 



2mksT 



h 2 k 2 



1 + exp 



a 



p(k,a) = 



exp 



/ ft 2 k 2 
\2mkBT 



a 



/ ^k 



2i,2 



~^ ^ \2mksT 



a 



Therefore, 



/k+q/2 - /k-q/2 = ~P(k, « 



By means of these relations we will present integrals 5(q, cj + iz/) in 
the following form 



B(k, uj + iv) = 



1 



4ir 3 k B T 



k_. 



g(k,a)k x d 3 k 



(7.2) 



We take the dimensionless variable of integration 



hk 



k 



mvT 



T 



Then 



v / 2mk B T mv T k T ' h 

fg(P J a)P x d 3 P 



£>(q, co + iv) 



^k B T J P x -z'/q ' 



(7.3) 
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where 

e . co + iv 

9( P ' a ) = 1 m — 72 ' z = = a; + 

(l + e p2 - a ) 

It is easy to see, that expression (7.3) is equal 

4/ (g) 4^ [ g(P,a)d 3 P 

B ^ " + ^ = 2^r + i^r^ 7 -p^Ji' 

or, that all the same, 



2k B Tf (a) 
From (7.4) it is clear, that 



z' /* g(P,a)d 3 P 
+ 27Tf (a)qJ P x - z'/q 



(7.4) 



2k B Tj {a) 

Substituting (7.4) and (7.5) in (7.1), we receive expression of the 
longitudinal electric conductivity in quantum collisional non-degenerate 
plasma in limit, when k — > (or h — > 0) 

1 | j r g (P,a)cPP 
oj_ . uvfok*) 27r/ (q)g J P x - z'/q ( 

a l q 2 v 2 T f 2 (a) ' 1 | f g(P,a)d 3 p - [ ' j 

2irfo(a)v T q J P x - z'/q 

We are convinced now, that formulas (6.9) and (7.6) coincide. 

8. Conclusion 

In the present work formulas for longitudinal electric conductivity and 
dielectric permeability in quantum collisional non-degenerate plasma 
with any degree of non-degeneracy are deduced. The general case, when 
frequency of electron collisions with plasma particles depends on their 
momentum is considered. For this purpose the kinetic equation concerning 
a matrix of density with integral of collisions in relaxation form in space 
of momentum is used. 

It is shown, that when Planck's constant tends to zero, the deduced 
formulas passes in corresponding formulas for classical plasma. It is 
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shown also, that when frequency of collisions of particles of plasma tends 
to zero (plasma passes in collisionless one), the deduced formula passes 
in the known Linhard's formula received for collisionless plasmas. 

It is shown, that when frequency of collisions is a constant, the 
deduced formula for dielectric permeability passes in known Mermin's 
formula. 
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